Abstract: Covalent scavenging strategies which rely upon the chemical reactivity of primary and secondary amines have found application in the separation of amine starting materials from combinatorial synthesis products. The use of solid-supported scavengers, sequestration enabling reagents, and the technique of impurity annihilation all allow the removal of structurally diverse amines by procedures that are easily carried out in parallel and are amenable to automation.
Introduction
Combinatorial organic synthesis is generally divided into two tactical domains, solid phase synthesis and solution phase synthesis. In the solid phase synthesis of a combinatorial library of isolated compounds, one has a choice of synthetic strategies. Parallel, spatially addressed formats may be used wherein each compound synthesized is located in a discrete reaction well. Alternatively, an encoded, mix and split strategy may be employed which minimizes the number of reaction vessels and reagent dispensing steps required. Either way, the solid support provides an inherently simple means for separation of the desired product from excess reactants by a simple filtration and rinsing of the solid-supported product with solvent. When the final product is cleaved from the support it is found in substantially pure form.
Solution phase approaches are limited to the parallel format. Furthermore, it is desirable to devise a common reaction work-up/purification strategy that can be applied with broad success to isolate each synthetic intermediate or final library product. With sufficient work-up/purification planning for each synthetic step, the final products can be isolated in a state of purity that is comparable to solid phase synthesis without time-consuming chromatography. Automation and parallel processing can reduce the tedium and human error associated with the repetitive manipulations of parallel synthesis and purification. The current state of the art in automation, however, is limited to the simple manipulations such as solution or slurry transfer and phase separations, including evaporation, filtration, liquid/liquid extraction, and solid/liquid extraction.
Primary and secondary amines are among the most popular classes of building blocks for combinatorial libraries of organic molecules. There are a wide variety of amines that are commercially available and nearly limitless numbers of novel amines that are otherwise accessible through short, robust syntheses. They are useful in a broad range of synthetic reactions and nitrogen-containing pharmacophores are important in many pharmaceutical and agricultural products. It is not surprising that carbon-nitrogen bond formation reactions are found in most of the synthetic routes to combinatorial libraries of organic molecules that have been described to date 1 . Convenient strategies for selective removal of primary and secondary amines will thus have broad applicability in the combinatorial synthesis field.
Covalent Scavenging 2
The demand for simple and efficient separations that can be applied in parallel following solution phase syntheses have given rise to a number of practical purification strategies which can be easily automated. Scheme 1 generalizes several powerful parallel purification strategies that employ covalent scavengers to remove primary and secondary amines from desired products. In this generic reaction, a slight excess of the amine is used to consume all of reactant X and afford a maximal yield of the product, R 1 R 2 NX. To effect purification of this product, the residual amine is sequestered to the solid phase using one or 
Scheme 1
This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited. more insoluble and/or soluble scavenger reagents that are tailored to covalently react with primary or secondary amines. By virtue of the fact that the product lacks the chemical reactivity of a primary or secondary amine, it remains in solution where it can readily be isolated by a simple filtration to remove solid(s) and subsequent evaporation of the solvent(s).
The strength of covalent scavenging approaches for parallel purification lie in their inherent simplicity. Even though the set of amines used in a combinatorial array may have markedly different structures and physical properties, they all have a common chemical reactivity as nucleophiles. Hence a chemoselective strategy which employs electrophilic scavengers and uniformly sequesters all of the amine starting materials to the solid phase is easy to deduce. Furthermore, the choice of irreversible covalent reaction(s) removes equilibrium considerations from the separation process so that large excesses of the scavenging reagents are typically not required. Finally, it is a relatively straightforward matter to determine the modest excess of the scavenger reagent(s) required to readily overcome the frequent situation where variable residual amounts of individual starting amines occur from well to well.
The purification processes for amines described in Scheme 1 are chemically distinct from the time-honored and well-known concept of ion exchange in that covalent reactions rather than ionic interactions are used to sequester the amine. Ion exchange 3 and covalent scavenging are both useful means for removal of amines in a parallel synthesis setting. The two methods are complementary. In a situation where it is desirable to remove any amine or quaternary ammonium salt, cation exchange resins may well be the sequestration reagent of choice. On the other hand, if one desires to selectively remove secondary and/or primary amines without removing tertiary amines or quaternary ammonium salts, covalent scavengers are preferred.
Another situation where covalent scavengers would be preferred over ion exchange resins exists when the desired product is sensitive to the strongly acidic groups typically found on cation exchange resins. Amine scavenging and sequestering strategies that combine covalent modification by soluble sequestration enabling reagents (SERs) with sequestration by anion exchange resins also have been reported 2c,4 .
Covalent Scavengers for Amines
For practical reasons related to ease of automation and cost of reagents, the removal of amines by covalent scavenging involves a maximum of two synthetic transformations to the excess amine. Three types of strategies have been reported in the literature to date:
-Solid-supported scavengers -Sequestration enabling reagent (SER) plus solidsupported scavenger -Impurity annihilation Solid-supported scavengers provide the simplest means of sequestering primary and secondary amines since they require only a single synthetic transformation. Several resin reagents have been described in the literature to date. Electrophilic scavenging functionalities used on these resins include isocyanate, isothiocyanate, carboxylic acid chloride, isatoic anhydride and aldehyde. Illustrative examples of the utility of amine scavenger resins in epoxide opening, alkylation, acylation, and reductive amination reactions are provided in the Table. 4-Isocyanatophenyl-methyl-poly(styrene-divinylbenzene) resin, 1, was first reported in the late 1970s as a solid-supported amine scavenger in the patent literature by Patchornik, who made passing reference to its ability to quantitatively remove benzylglycine from chloroform 9 .
Scheme 2
Two other resins, 3 and 4, which bear a high loading of isocyanate groups and are likely to be useful as amine scavengers are shown in Schemes 3 and 4. These are both prepared by suspension polymerization of isocyanatecontaining monomers. Resin 3 is prepared by co-polymerization of methacryloyloxyethyl-isocyanate and divinylbenzene as a suspension in a perfluorocarbon solvent 10 . The perfluorocarbon solvent FC77 is preferred over water, which is the traditional solvent for suspension polymerization, since the isocyanate monomer is unstable to water at the polymerization temperature. Alternatively, 3-isopropenyl-a,a-dimethylbenzyl-isocyanate (TMI ® ) may be co-polymerized with styrene in the presence of TEMPO resin as a solid-supported initiator to afford resin 4 which has a high isocyanate loading 11 . The result is that a large, isocyanate-functionalized bead is grown from a small initiator bead via a living free radical polymerization. Depending on one's perspective, this form of suspension polymerization either requires no suspending solvent or utilizes the monomers as both reactants and suspending solvents. Either way the potential water sensitivity of TMI® during polymerization is avoided since water is not used as the suspending solvent.
Carboxylic acid chloride on polystyrene resin (5) is a second type of solid-supported amine scavenger 6a . Compared to the isocyanate resins above, it has the inherent disadvantage that HCl is generated during the scavenging process. Thus a strategy for HCl removal is also necessary. There may be instances where the reactivity of an acid chloride would be preferred over an isocyanate. The acid chloride resin 5 is prepared by treatment of benzoic acid resin with thionyl chloride 12 or oxalyl chloride 13 (Scheme 5). A third class of polystyrene resin that has been reported as a scavenger of primary and secondary amines is the isatoic anhydride resin, 6. This resin is simply prepared by reacting the sodium salt of isatoic anhydride with a high loading Merrifield resin 14 (Scheme 6). Isocyanate resin and isatoic anhydride resins appear to have roughly equal reactivity with primary and secondary amines and are essentially interchangeable. The ease of preparation of a high loading isatoic anhydride resin from inexpensive starting materials results in a significant price advantage per mmol relative to the lower loading isocyanatomethyl resin 9 .
Scheme 6
Aldehyde polystyrene resins are a final chemical class of solid-supported amine scavengers that offer an alternative to acylation in the scavenging reaction. They can be used to selectively scavenge primary amines via imine formation. This makes them useful for separation of primary amine starting materials from secondary or tertiary amine products following a reductive amination (Table) . Compared to the amine acylating resins described above, aldehyde resins are subject to more facile reversal of the covalent scavenging reaction since water can readily hydrolyse the imine and thereby liberate offending amines from the scavenger resin. Practically speaking this is not a major difficulty, especially if an excess of the aldehyde resin is used. The synthetic routes to aldehyde resins are shown in Scheme 7. Merrifield resin is readily oxidized to benzaldehyde resin 7 by heating with DMSO and sodium bicarbonate 15 . Alternatively aldehyde resin 8, also known as "Wang aldehyde resin", may be prepared either by oxidation of Wang resin 16 or by reacting 4-hydroxybenzaldehyde with Merrifield's resin in the presence of a base 17 . An isomeric relative of Wang aldehyde resin (9), which is similarly prepared by reacting 3-hydroxybenzaldehyde with Merrifield's resin, can also be used 18 . Two examples of covalent scavenging with aldehyde resins following reductive amination 6a, 19 are shown in the Table.
Scheme 7
As an alternative to electrophilic scavenger resins, removal of primary and secondary amines may also be effected in two reaction steps:1) Derivatization of the amine with an excess of a soluble bis-electrophile and 2) sequestration of the resulting amine derivative and remaining biselectrophile with a larger excess of a nucleophilic scavenging resin. This strategy has been effectively employed with hexafluoroisopropyl oxalate (10) as the SER 20 (Scheme 8). In this process 10 first reacts with the amine starting material to form a hemi-amide which is subsequently sequestered by reaction with the supported amine, 11, which also covalently binds any remaining 10. The hexafluoro-isopropanol that is liberated in the process is volatile and easily evaporated with solvents. In addition to the added complexity of two reagent addition steps for the two scavenger reagents and two quantitative covalent reactions, this procedure has the inherent danger of producing a symmetrical oxalamide which would be an impurity that is likely to be difficult to separate from the desired product. However, with careful attention to the stoichiom- etry and order of addition, it is a useful alternative to onestep scavenging with an electrophilic resin. A number of commercially available bis-electrophiles, including bisisocyanates and bis-aldehydes, could potentially serve as alternative SERs that, when paired with an amino resin, would also be effective covalent scavenger systems for primary and secondary amines. Table 1 shows a selected example of this two-step solution and solid phase scavenging technique.
The latest addition to the armamentarium of methods for covalent scavenging of amines is a technique called "impurity annihilation" 21 (Scheme 9). Two scavenging reagents are also required for impurity annihilation but in this case they are both soluble. Addition of a solution of benzene-1,4-di-isocyanate (12) followed a brief time later by a solution of tetraethylenehexamine (13) to a crude reaction product that contains a primary or secondary amine starting material results in the preparation of a crosslinked urea polymer. The amine starting material is consumed by the di-isocyanate and the resulting benzene-1-urea-4-isocyanate is covalently entrained during the polymerization reaction, making chain-terminating ureas. The highly cross-linked polyurea that is formed precipitates quantitatively from solution. Upon filtration and evaporation, product that is free of both the amine and the two monomers is isolated. This method is quite analogous to the stepwise addition of a SER and an amino polymer. However with impurity annihilation, one adds a polyamine instead of an amino-polymer and the insoluble support is created during the scavenging process, not before. The first step of the annihilation method also contains the inherent danger of creating soluble impurities by reaction of the di-isocyanate with two equivalents the amine to be scavenged. However if the prescribed stoichiometry and excesses of reagents are used, the production of symmetrical benzene-1,4-di-ureas can be avoided. One particular advantage of impurity annihilation is that both monomers are added as solutions and hence the process should be very easy to automate with liquid handling robots. Another advantage is cost. Since both scavenging monomers are common components of polymeric adhesives, they are very inexpensive compared to polymersupported scavenger reagents.
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Conclusions and Outlook A variety of covalent scavenging methods for the selective separation of secondary and/or primary amine starting materials from desired synthetic products are now available. The inherent simplicity and generality of the methods makes them suitable for parallel application and amenable to automation. Thus they are of particular value to solution phase combinatorial synthesis since they avoid tedious and time-consuming chromatography. Additionally they may be useful in conventional organic synthesis in situations where an amine starting material has similar physical properties to the desired product and is difficult to remove by traditional means such as extraction, distillation, crystallization and chromatography.
Covalent scavenger resins are perhaps the most commonly employed tools today since they require only a single covalent reaction to effect a separation. Numerous polystyrene-based electrophilic scavenger resins with a range of reactivity toward secondary and/or primary amines have recently become commercially available 22 . Future extensions of these tools are likely to involve solid supports other than polystyrene. For example, covalent scavengers supported on silica, glass, and polypropylene may provide solvent compatibility or reactivity advantages over polystyrene resins in certain applications. Additionally, solid-supported scavengers in a variety of other forms such as wells, rods, pellets, tubing, etc. may eventually displace some of the resin bead scavengers in use today since dispensing and removing them with automation would be simpler than dispensing and filtering resin slurries. Two-step covalent scavenging protocols which either employ SERs with a solid supported scavenger or impurity annihilation monomers will likely gain greater acceptance as more examples appear in the literature since these reagents frequently have cost advantages over electrophilic scavenger resins and yet the methods are still easily automated. This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited. 
